The pesticin activity and immunity genes on plasmid pPCP1 of Yersinia pestis were sequenced. They encoded proteins of 40 kDa (pesticin) and 16 kDa (immunity protein); the latter was found in the periplasm. The location of the immunity protein suggests that imported pesticin is inactivated in the periplasm before it hydrolyzes murein. Pesticin contains a TonB box close to the N-terminal end that is identical to the TonB box of colicin B. The DNA sequences flanking the pesticin determinant were highly homologous to those flanking the colicin 10 determinant. It is proposed that through these highly homologous DNA sequences, genes encoding bacteriocins may be exchanged between plasmids by recombination. In the case of pesticin, recombination may have destroyed the lysis gene, of which only a rudimentary fragment exists on pPCP1.
Bacteriocins are protein toxins synthesized by bacteria that kill only bacteria that are closely related to the producing species; e.g., colicins produced by Escherichia coli kill only E. coli and closely related members of the family Enterobacteriaceae (3) . The narrow host range is determined by a highly specific uptake of the proteins into sensitive cells, which in gram-negative bacteria requires an outer membrane receptor protein and in the case of the Ton-dependent colicins input of energy provided by the electrochemical potential of the cytoplasmic membrane. In E. coli, energy flux from the cytoplasmic membrane into the outer membrane is mediated by a protein complex consisting of the proteins TonB, ExbB, and ExbD (Ton system) (2, 19, 26) . Ton-dependent receptors and colicins contain a common signature close to the N-terminal end that consists of a homologous pentapeptide, the so-called TonB box. Mutations in the TonB box of receptors (1, 15, 33) and colicins (20, 25) impair uptake, but not binding of colicins to the receptors, and they are suppressed by mutations in TonB. Release of colicins by the producing cells is much less specific than colicin uptake. It occurs by quasilysis mediated by a lysis protein that disrupts the permeability barrier of the cytoplasmic membrane and activates in E. coli an outer membrane phospholipase (6, 27) . Some colicinogenic determinants lack a lysis gene; therefore, the bulk of these colicins stays within the cells. Colicin-producing cells are protected by immunity proteins that usually interact very selectively with the related colicin (18) . Colicins are always encoded on plasmids, and the activity (a), immunity (i), and lysis (l) genes map close to each other in the order a, i, l.
The majority of colicins act by forming pores in the cytoplasmic membrane that disrupt the transmembrane potential or by hydrolyzing DNA or 16S rRNA (3, 6, 18) . Among the few bacteriocins of gram-negative bacteria that do not form pores or act as nucleases are colicin M, which interferes with murein and O-antigen biosynthesis by inhibiting the regeneration of the common lipid carrier (13, 14) , and pesticin of Yersinia pestis, which hydrolyzes murein (9) . Both bacteriocins convert cells to spheroplasts (4, 12) . For uptake into sensitive cells, pesticin uses the FyuA receptor (28, 29) , which normally translocates a ferric siderophore, yersiniabactin (7), through the outer membrane. Many colicins, e.g., colicins B, D, M, Ia, Ib, and V (3) (the latter is, in fact, a microcin [11] ), use ferric siderophore receptors for binding to the outer membrane. In addition, pesticin uptake is tonB dependent (10), as is the uptake of the above-listed colicins. After SOS induction of pesticin-producing cells, only low amounts of pesticin are found in the spent medium, and most of the activity remains cell associated (17) , suggesting the lack of a functional lysis protein. Since pesticin has only to enter the periplasmic space where murein resides, the immunity protein should be located in this compartment. It has been shown previously that pesticin purified from a crude cell extract consisted of a single polypeptide (16) , although the molecular weight of the native protein was determined to be 66,000 by ultracentrifugation, 63,000 by gel filtration in 6 M guanidine chloride, and 44,000 by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (16) . However, no additional protein bands were observed after SDS-PAGE, and the purified protein was active in vitro; therefore, it appears that the immunity protein is not associated with pesticin, in contrast to the colicins displaying nuclease activities, which contain tightly bound immunity proteins in the intracellular form as well as in the released form (18) . The pore-forming colicins do not contain bound immunity proteins, and it is thought that they are inactivated when they enter the cytoplasmic membrane from outside the cells (8, 23, 40) .
Since the intracellular location of pesticin inactivation by its cognate immunity protein may differ from that of any other gram-negative bacteriocin described, we studied the location of the pesticin immunity protein in the bacterial cell. We were also interested in the primary structure of pesticin because of its unusual activity and, in its true molecular weight, the presence of a TonB box and possible homologies to colicins. The latter are composed of domains that determine receptor specificity, uptake across the outer membrane via the Ton or the Tol system (3, 39) , activity, and binding of the immunity protein. Since nearly identical domains can be found in otherwise different colicins, we have proposed that during evolution, colicins were assembled by combining DNA fragments that encode functional domains (22, 24, 30) .
Sequencing of the pesticin activity and immunity genes. The pesticin determinant is encoded by a 6-kb BglII fragment of the natural 9.5-kb plasmid pPCP1 ( Fig. 1) (35) . A 2,007-bp MaeIIXhoII fragment of the isolated BglII fragment was completely sequenced in both directions by the dideoxy-chain termination method (32) . It contained two open reading frames with opposite transcription polarities ( Fig. 2 ), which were named pst and pim in accordance with a previous proposal (35) . The region between pst and pim could form a hairpin loop that probably serves as a transcription termination site for both genes (T1 in Fig. 2 ). pst encodes a protein composed of 357 residues (M r , 40,043), and pim encodes a protein of 141 residues (M r , 16,022). SDS-PAGE of pesticin purified by chromatography on a Resource Q cation-exchange column (Pharmacia Biotec, Uppsala, Sweden) revealed a single protein with an electrophoretic mobility corresponding to an M r of 42,000 (data not shown). No other protein was seen on the gel, showing that pesticin is produced by the cells without a tightly associated immunity protein.
Comparison of the pesticin sequence with those of other colicins revealed a TonB box (DTMVV, residues 3 to 7) that is identical to the TonB box of colicin B (34). Pesticin was recognized by the E. coli Ton system since E. coli K-12 transformed with fyuA, encoding the pesticin receptor FyuA, and certain E. coli isolates that produce the pesticin receptor (10, 28) were sensitive to pesticin. No other sequence homologies were found, as expected in view of the unique activity of pesticin compared with other characterized bacteriocins. However, the nucleotide sequence upstream of the pst coding region displayed 75.3% identity with the region upstream of the colicin 10 open reading frame (Fig. 3A) (22) . A sequence upstream of pim exhibited 93.9% identity with the sequence within and downstream of the colicin 10 lysis gene (Fig. 3B ) (22) . The conserved DNA sequences upstream and downstream of the pesticin determinant might have served as recombination sites for the insertion and exchange of bacteriocin determinants on plasmids. The pesticin genes on pPCP1 may have replaced a colicin 10-like determinant in such a way that only a nonfunctional lysis gene (psl*) has remained. The putative transcription termination structure (T2 in Fig. 3B ) downstream of psl* is also present downstream of ctl on pCol10 (22) , so that T2, like psl*, may be an evolutionary relic. Exchange of colicin determinants among plasmids is further supported by the strong homologies of the flanking regions of the pesticin and colicin 10 determinants to the DNA regions flanking the determinants of colicins 5, K, and E1 (22) (23) (24) . Plasmids pCol10, pCol5, pColK, and pColE1 are similar in size (5.2 to 7 kb) and structure. Plasmid pPCP1 is somewhat larger (9.5 kb) and encodes an additional gene, the plasminogen activator gene pla (Fig. 1) (35) . Further evidence that the plasmids pPCP1 and pColE1 are evolutionary closely related comes from their polA-dependent replication and their incompatibility (35) . A high degree of sequence identity (85% over a stretch of 294 nucleotides) was also found upstream of the activity genes of colicins B and E1 (34), although both plasmids and colicins otherwise differ entirely.
Subcellular localization of the pesticin immunity protein. The N-terminal end of the Pim immunity protein displays the characteristics of a signal sequence. It is composed of a positively charged N-terminal end, followed by a stretch of hydrophobic amino acids (residues 5 to 19) which at the end contain the potential signal peptidase I cleavage site GLA. The rest of the molecule is hydrophilic. Therefore, we assumed that the N terminus translocates Pim into the periplasm and either is cleaved or anchors Pim to the cytoplasmic membrane. To determine the location of Pim, we used the ␤-lactamase fusion technique (5) . E. coli 5K was made pesticin sensitive by transformation with plasmid pHM10, which encodes the FyuA pesticin receptor (28) . Blunt-end restriction sites were introduced by PCR at various locations in the pim gene and used to fuse pim and 3Ј truncated pim fragments to a 5Ј truncated blaM gene that did not encode the signal sequence. ЈBlaM was encoded by plasmid pJBS636, a derivative of pJBS633 (5) into which the phage T7 promoter DNA had been inserted (23) . Only those hybrid proteins in which the ␤-lactamase moiety was translocated by Pim and its derivatives across the cytoplasmic membrane into the periplasm conferred resistance to ampicillin. The resulting hybrid proteins contained 20, 40, 60, 89, 108, and 141 residues of Pim and the mature ␤-lactamase ( Table 1 ). The correctness of the hybrid genes was verified by DNA sequencing.
For identification of the hybrid proteins, E. coli BL21 (37) was transformed with the plasmids that contained the pimЈ-ЈblaM genes downstream of the gene 10 promoter of phage T7. The genes were transcribed by T7 RNA polymerase, and the proteins were labeled with [ 35 S]methionine (38) . The autoradiographs of the labeled proteins separated by SDS-PAGE revealed radioactive bands of the expected sizes (Fig. 4 , lanes 4 to 9; unprocessed hybrid proteins are marked by arrows). The proteins were strongly degraded to defined products that were all larger than processed ␤-lactamase, indicating that proteolytic cleavage occurred mainly in the immunity protein.
It is not clear whether the immunity protein portion was completely degraded, since smaller degradation products may have escaped detection because of the weak labeling of Pim, which contains only one methionine residue (or two if the N-terminal methionine is not cleaved). ␤-Lactamase of the hybrid proteins was probably as stable as the free form (Fig. 4, lane 3) , since no smaller products of the strongly labeled protein were observed. Wild-type Pim was also proteolytically degraded (Fig. 4, lane  1) . Because of the low methionine content of Pim, the gel representing lane 1 had to be exposed to the X-ray film three times longer than the gel of lanes 2 to 9.
All of the hybrid proteins conferred ampicillin resistance (Table 1) at a level far above the background resistance of the untransformed strain (below 5 g/ml). The two shortest hybrid proteins caused the highest resistance. To examine whether the proteolytic degradation reduced the level of ampicillin resistance and to identify the protease that degraded the hybrid proteins, the plasmids were transformed into E. coli KS474 degP lacking a periplasmic protease (36) and into E. coli UT5600 ompT lacking an outer membrane protease (31) . Five of the hybrids conferred a higher level of ampicillin resistance in the ompT mutant than in E. coli 5K cells (Table 1) . The Pim-Bla hybrid proteins of KS474 degP and UT5600 ompT The strong proteolysis of the Pim-BlaM hybrid proteins could also not be prevented by adding various inhibitors of proteases during the preparation of cells and cell fractions. Therefore, we added sodium azide for 20 min prior to radioactive labeling of the proteins to examine whether inhibition of protein export across the cytoplasmic membrane resulted in the accumulation of the precursors of Pim and the Pim-BlaM hybrid proteins that still contained the signal sequence. We obtained for some of the hybrid proteins a band above the mature form suggesting inhibition of processing (data not shown). Also in these experiments, proteolysis prevented an unequivocal interpretation. However, the electrophoretic position of Pim20-BlaM (Fig. 4, lane 4) corresponded to the position of processed BlaM (Fig. 4, lane 3) , indicating that the Pim20 fragment was cleaved from BlaM. It is more likely that the Pim20 fragment was cleaved by the signal peptidase 1 than by unspecific proteases, since the Pim20 fragment is probably protected by the membrane.
We also determined whether the Pim-Bla hybrid proteins conferred immunity to added pesticin. E. coli 5K(pHM10 fyuA) was sensitive to a 10 3 -fold diluted pesticin sample and was fully immune to undiluted pesticin after transformation with pHP70 pim. Of the Pim-Bla hybrids, only Pim141-Bla, containing a full-size Pim, conferred partial immunity in that cells were immune to 10 3 -and 10 2 -fold-diluted pesticin samples but were sensitive to 10-fold-diluted pesticin.
The only colicin immunity protein which up to now has been localized in the periplasm is that of colicin M (11a, 21). Colicin M and pesticin are the only known bacteriocins that damage the murein, by inhibition of murein biosynthesis and by murein hydrolysis. The target of colicin M is in the cytoplasmic membrane, and it makes sense that the colicin M immunity protein is anchored to the cytoplasmic membrane by its N-terminal hydrophobic end (11a). The colicin M immunity protein may inactivate colicin M during its import, and the pesticin immunity protein may prevent hydrolysis of murein by Pst. VOL. 178, 1996 178, NOTES 2433 After our sequencing of the pst and pim genes had been completed, the sequence of the pesticin structural gene was deposited by two groups in the EMBL sequence data library. The pst sequence of the plasmid used in this study (accession number U31974) agrees completely with the pst sequence determined in our study; the sequence determined for a distinct plasmid (pYP358; accession number Z54145) differs at nucleotide number 927 in Fig. 2 
(A instead of T, Asn instead of Tyr).
Nucleotide sequence accession number. The sequence shown in Fig. 2 has been deposited in the EMBL nucleotide sequence data library (accession number X92856). a Resistance to ampicillin was tested on nutrient agar plates that contained the indicated ampicillin concentrations. E. coli 5K, KS474 degP, and UT5600 ompT were transformed with the listed plasmids. Ampicillin resistance above 5 g/ml indicate a PimЈ-ЈBlaM fusion site located in the periplasm (5) .
